The toxicity of ionizing radiation is associated with massive apoptosis in radiosensitive organs. Here, we investigate whether a drug that activates a signaling mechanism used by tumor cells to suppress apoptosis can protect healthy cells from the harmful effects of radiation. We studied CBLB502, a polypeptide drug derived from Salmonella flagellin that binds to Toll-like receptor 5 (TLR5) and activates nuclear factor-κB signaling. A single injection of CBLB502 before lethal total-body irradiation protected mice from both gastrointestinal and hematopoietic acute radiation syndromes and resulted in improved survival. CBLB502 injected after irradiation also enhanced survival, but at lower radiation doses. It is noteworthy that the drug did not decrease tumor radiosensitivity in mouse models. CBLB502 also showed radioprotective activity in lethally irradiated rhesus monkeys. Thus, TLR5 agonists could potentially improve the therapeutic index of cancer radiotherapy and serve as biological protectants in radiation emergencies.
Here, we have explored whether radioprotection can be achieved through suppression of apoptosis, the major mechanism underlying massive cell loss in radiosensitive tissues (5) (6) (7) . Specifically, we have attempted to pharmacologically mimic an antiapoptotic mechanism frequently acquired by tumor cells, i.e., constitutive activation of the nuclear factor-κB (NF-κB) pathway (8) . NF-κB is a transcription factor that plays a key role in cellular and organismal response to infectious agents as a mediator of innate and adaptive immune reactions. The link between NF-κB and the mammalian response to IR has been established by previous work showing that GI radiosensitivity is enhanced in mice with a genetic defect in NF-κB signaling (9) . Activation of NF-κB induces multiple factors that contribute to cell protection and promote tissue regeneration, including apoptosis inhibitors, reactive oxygen species scavengers, and cytokines. Finally, NF-κB activation is among the mechanisms by which tumors inhibit function of the p53 tumor suppressor pathway (10), one of the major determinants of radiosensitivity (11) .
In order to activate NF-κB in GI cells without inducing acute inflammatory responses, we studied factors produced by benign microorganisms in the human gut that activate NF-κB by binding to Toll-like receptors (TLRs) expressed by host cells (12) . Stimulation of TLR signaling by commensal microflora plays a protective role in the GI tract (13) . In particular, we focused on TLR5, which is expressed on enterocytes, dendritic cells (14) , and endothelial cells of the small intestine lamina propria (15) . Endothelial cell apoptosis has been identified as an important contributor to the pathogenesis of GI acute radiation syndrome (16) . The only known ligand and agonist of TLR5 is the bacterial protein flagellin (17) .
To investigate whether flagellin has in vivo radioprotective activity, we injected flagellin purified from Salmonella enterica serovar Dublin (18) into NIH-Swiss mice 30 min before total-body γ irradiation (TBI). Treatment with 0.2 mg/kg of body weight of flagellin protected mice from lethal doses of 10 and 13 Gy that induce mortality from HP and GI acute radiation syndromes, respectively (Fig. 1A) . Flagellin did not rescue mice from 17 Gy TBI but prolonged their median survival from 7 to 12 days. The dose-modifying factor (DMF, the fold change in irradiation dose lethal for 50% of animals) of CBLB502 in NIHSwiss mice was 1.6, exceeding that of other radioprotective compounds, such as cytokines or amifostine, used at nontoxic doses (3).
To reduce the immunogenicity and toxicity of flagellin, we took advantage of studies that mapped the TLR5-activating domains of flagellin to its evolutionarily conserved N and C termini (Fig. 1B) (19) . We tested a series of engineered flagellin derivatives for NF-κB activation in vitro (Fig. 1B and fig. S1 ). The most potent NF-κB activator, designated CBLB502, included the complete N-and C-terminal domains of flagellin separated by a flexible linker ( fig. S1 ). CBLB502 produced in Escherichia coli as a recombinant protein retains entirely the NF-κB-inducing activity and exceptional stability of flagellin (18) , yet is substantially less immunogenic ( fig. S2 ). It is also less toxic than flagellin, with a maximum tolerated dose (MTD) in mice of 25 mg/kg as compared with the 12 mg/kg MTD of flagellin (20) . Flagellin derivatives that failed to activate NF-κB in vitro did not provide radioprotection in vivo (one example is shown in Fig. 1C ), which suggested that activation of TLR5 signaling is necessary for radioprotection.
To test whether CBLB502 retained the radioprotective efficacy of flagellin, we administered a single injection of the compound (0.2 mg/kg) to NIH-Swiss mice 30 min before 13 Gy TBI. The treatment (18) rescued more than 87% of mice from radiation-induced death (Fig.  1C) . At this radiation dose, the most powerful previously described radioprotectants provided about 54% protection [amifostine (21) ] or had no protective effect at all [5-androstenediol (5-AED) or Neumune (22)] (Fig. 1C) . Notably, the moderate protective effect observed with amifostine against 13 Gy TBI required injection of a dose (150 mg/kg) close to its MTD (200 mg/kg in NIH-Swiss mice). CBLB502 showed a significantly stronger protective effect (P < 0.05) when it was injected at less than 1% of its MTD.
To address the practicality of CBLB502 as an antiradiation drug, we investigated the time frame for effective administration of the compound at different radiation doses. CBLB502 protected mice against the very high doses of radiation that induce lethal HP or combined HP and GI syndromes (10 Gy and 13 Gy, respectively) only when injected 15 to 60 min before TBI (Fig. 1D) . The compound provided no survival benefit if injected before this time interval or after irradiation. However, at a radiation dose of 9 Gy, which killed >90% of control [phosphate-buffered saline (PBS)-injected] mice, CBLB502 provided radioprotective benefits when administered as early as 24 hours before, or up to 1 hour after, irradiation. With injection of CBLB502 1 hour postirradiation, 40% of the CBLB502-treated mice survived as compared with 7% of the control mice (Fig. 1D ). Thus, CBLB502 is effective as both protects against and mitigates radiation-induced injury.
We next evaluated the effect of CBLB502 on radiation damage to the GI tract and HP system at the tissue and cellular levels. Treatment of NIH-Swiss mice with 0.2 mg/kg CBLB502 30 min before 15 Gy TBI dramatically reduced the proportion of apoptotic cells in the lamina propria of the small intestine of irradiated mice, including vascular endothelial cells ( Fig. 2A and fig. S3A ) (18) . This observation is consistent with the postulated role of endothelial apoptosis in the GI toxicity of radiation (16) . In addition, we found that the radiation-induced reduction in small intestine crypt size and cell density that was observed in control NIH-Swiss mice was ameliorated byCBLB502 pretreatment (0.2mg/kg given 1hour before 15 Gy TBI) ( Fig. 2B and fig. S3B ). CBLB502 treatment did not preserve the morphology of the small intestine in irradiated MOLF/Ei mice (Fig. 2B ), a strain with defective TLR5 response because of a germline mutation (23) , which suggests that radioprotection by CBLB502 is indeed TLR5-dependent. CBLB502-mediated protection of the GI tract was also illustrated by preservation of crypt stem cells in the small intestine. 5-Bromo-2′-deoxyuridine (BrdU) was used to label proliferating crypt cells in irradiated (13 Gy) NIH-Swiss mice pretreated with PBS or CBLB502 (18) . PBS-injected mice showed a near-complete loss of crypt stem cells, whereas CBLB502-treated mice retained normal levels of proliferative cells (Fig. 2C and fig. S4 ).
The antiapoptotic effect of CBLB502 was also evident in the HP system. CBLB502 injection 1 hour before lethal TBI (10 or 13 Gy) of NIH-Swiss mice did not alleviate radiation-induced decreases in bone marrow and peripheral blood cellularity (table S1) ; however, it did protect HP stem cells and early progenitors as judged by preservation of granulocyte/macrophage colony-forming cells (Fig. 2D ) and flow cytometric analysis of stem cell populations in the bone marrow (table S1) (18) .
To explore potential molecular mechanism(s) that might underlie CBLB502-mediated radioprotection, we assessed the drug's effect on the levels of several known NF-κB-responsive factors. Superoxide dismutase 2 (SOD2) is an NF-κB-induced antioxidant known to have radioprotective properties (24) . We found that pretreatment of NIH-Swiss mice with CBLB502 (0.2 mg/kg given 30 min before 15 Gy TBI) resulted in enhanced expression of SOD2 in the lamina propria of the small intestine of irradiated mice (Fig. 2E ). We also investigated the possible involvement of prostaglandins and cytokines that are regulated by NF-κB and known to act as radioprotectants (4, 25) . Inhibition of cyclooxygenase-2 (COX2), a key enzyme in prostaglandin biosynthesis, by a smallmolecule inhibitor (NS-398) did not affect CBLB502-mediated radioprotection ( fig. S5 ). However, CBLB502 injection (in the absence of irradiation) led to induction of multiple cytokines in mouse plasma (Fig. 2F) , including radioprotective cytokines such as granulocyte colony-stimulating factor (G-CSF) (26) , interleukin 6 (IL-6) (27) and tumor necrosis factor-α (TNFα) (28) . Consistent with its low toxicity, CBLB502 activated only sub-inflammatory levels of TNFα. These results suggest that CBLB502-mediated radioprotection is likely to involve multiple mechanisms.
CBLB502 was also effective as a radioprotectant in a pilot study of nonhuman primates (18) . Nineteen rhesus monkeys (Macaca mulatta) were subjected to 6.5 Gy (a dose lethal for 70% of monkeys, LD 70 ) TBI. Monkeys received a single intramuscular injection of CBLB502 (0.04 mg/kg, n = 11) or PBS (n = 8) 45 min before TBI. This dose provided a blood concentration of CBLB502 equivalent to 0.2 mg/kg in mice and did not cause any overt signs of toxicity. Injection of CBLB502 before TBI delayed the onset of radiationinduced mortality by 10 days and increased the 40-day survival rate from 25 to 64% (Fig.  3A) . Notably, no supportive therapy was provided in this study. Gross and histopathological evaluation of CBLB502-treated monkeys surviving 40 days postirradiation (n = 7) revealed only minor damage to major HP and lymphoid organs (bone marrow, spleen, and thymus) ( fig. S6 ). In contrast, the two surviving PBS-treated monkeys displayed moderate-to-high levels of damage in these tissues. Radiation-induced thrombocytopenia, a key predictor of primate death after lethal irradiation (29) , was less protracted and less severe in CBLB502-treated monkeys than in controls (Fig. 3B) .
To assess the potential of CBLB502 as an adjuvant for anticancer radiotherapy, we used two models of experimental radiotherapy in which tumor-bearing mice were subjected to three daily treatments of 4 Gy TBI (a cumulative TBI dose of 12 Gy) (18) . To evaluate whether CBLB502 affected the radiosensitivity of the tumors, groups of the mice were injected with either PBS or CBLB502 (0.2 mg/kg) 1 hour before each radiation treatment. The two models used were TLR5-positive mouse sarcoma of NIH-Swiss fibroblast origin implanted in NIH-Swiss mice and growing subcutaneously (Fig. 4A ) and TLR5-negative B16 melanoma of C57BL/6 origin implanted in C57BL/6 mice ( fig. S7) . In both models, the antitumor effect of irradiation was accompanied by death of all PBS-treated animals from radiation toxicity by day 18. In contrast, CBLB502 treatment completely prevented radiation-induced mortality [NIH-Swiss mice (Fig. 4A) ] or significantly protected against radiation-induced mortality [C57BL6 mice ( fig. S7) ], but had no radioprotective effect on the tumors. These data illustrate the potential for use of CBLB502 to protect healthy tissues from the adverse side effects of radiotherapy, which are frequently dose-limiting, while not interfering with killing the tumor. These experiments also showed that CBLB502 can protect mice from lethal cumulative damage of fractioned irradiation (three doses of 4 Gy). This is important because radiotherapy of cancer patients is commonly applied as fractioned irradiation. Furthermore, there was no evidence of desensitization with multiple injections of CBLB502. The radioprotective efficacy of CBLB502 injected into ICR mice 30 min before 11 Gy TBI was not affected by previous exposure to the drug with as many as five sequential daily injections ( fig. S8) . In both mouse tumor models, a slight reduction in tumor growth was observed in CBLB502-treated animals (nonirradiated and irradiated) as compared with corresponding controls. Although these results did not reach statistical significance, they might reflect the known immunostimulatory activity of flagellin (30) and other TLR agonists (31) . The differential radioprotective effect of CBLB502 in tumor versus normal tissues is likely due to the constitutive activation of NF-κB observed in most tumor cells (32) and/or inhibition of downstream TLR5 signaling by the activated phosphatidylinositol-3 kinase present in many tumors (33) .
A theoretical risk of using CBLB502 in cancer treatment is that suppression of apoptosis induced by systemic genotoxic stress might promote cancer. To address this concern, we tested the effect of CBLB502 on radiation-induced carcinogenicity in cancer-prone p53 +/− mice, 100% of which develop tumors (lymphomas and sarcomas) within 1 year after sublethal (4 Gy) TBI (34) . We found that the timing and frequency of tumor appearance in this model were not affected by a single CBLB502 injection given 30 min before 4 Gy TBI (Fig. 4C) . Furthermore, there was no difference in median survival times for TBI-only and CBLB502 + TBI groups: 195 [95% confidence interval (CI): 170 to 220] days versus 195 (95% CI: 144 to 246) days, respectively (log-rank test for equality of distributions: P = 0.96). We also evaluated wild-type NIH-Swiss mice that were rescued from lethal irradiation (13 Gy) by CBLB502 treatment 6 months postirradiation. Although the analyzed animals showed signs of radiation-induced tissue damage (cataracts, reduced body weight, and involution of reproductive organs) as compared with age-matched controls that were neither irradiated nor treated, there was no evidence of cancer or massive fibrosis (table S2) .
In summary, CBLB502 reduces radiation toxicity without diminishing the therapeutic antitumor effect of radiation and without promoting radiation-induced carcinogenicity. These properties of a TLR5 agonist acting as an NF-κB-inducing agent provide further support for our concept of pharmacological imitation of tumor-specific antiapoptotic mechanisms as an approach to radioprotection. This approach was first validated by our demonstration that a chemical inhibitor of the proapoptotic p53 pathway safeguarded mice from lethal acute radiation syndrome (11) . However, we subsequently found that wild-type p53 plays an unexpected role as a survival factor in GI cells exposed to high doses of γ-irradiation (35), limiting the usefulness of p53 inhibitors to protection against HP, but not GI, acute radiation syndrome. This problem has been resolved by our identification of CBLB502 as a TLR5 agonist that can protect against both major acute radiation syndromes. Our results suggest that TLR5 agonists may be valuable as both adjuvants for cancer radiotherapy and protectants or mitigators for radiation emergencies. (36) . P < 0.05 for the differences between "13 Gy" and other groups. (D) Granulocyte-macrophage colony-forming units were quantified in bone marrow cells obtained from NIH-Swiss mice (n = 3) 3 hours after 0, 10, or 13 Gy TBI (with or without CBLB502 injection 30 min before TBI). P < 0.05 for the differences between irradiated CBLB502-and vehicle-treated groups. (E) Immunohistochemical detection of SOD2 expression (green staining) in sections of small intestine collected 5 hours postirradiation from NIH-Swiss mice injected with either PBS (13 Gy) or CBLB502 (13Gy + CBLB502) 30 min before 13 Gy TBI. Red staining, smooth muscle actin. (F) Cytokine induction by CBLB502 treatment in the absence of irradiation. Plasma was prepared at the indicated times (0.5 to 24 hours) after intramuscular injection of CBLB502 into ICR mice (n = 3). KC, keratinocyte-derived chemokine; IP-10, interferon-inducible protein 10. A single injection of CBLB502 improves survival of lethally irradiated rhesus macaques. (A) In a single pilot experiment, rhesus macaques were injected with 0.04 mg/kg CBLB502 (n = 11) or PBS (n = 8) 45 min before 6.5 Gy TBI (LD 70/40 ), a dose lethal for 70% of monkeys within 40 days after irradiation. *P < 0.03 by two-tailed Fisher's test. (B) Platelet counts in the peripheral blood of irradiated monkeys. Days with statistically significant (P < 0.05 by two-tailed t test) differences between control and CBLB502 groups are indicated by filled symbols. CBLB502 does not affect the radiosensitivity of mouse tumors (18) . (A) The effect of CBLB502 on radiation treatment of NIH 3T3-derived sarcomas grown in NIH-Swiss mice. Tumor bearing mice (n = 5) were left untreated (U/t) or treated three times daily (red arrows) with 4 Gy TBI (IR) alone, CBLB502 alone, or IR + CBLB502. Tumor volumes were measured every second day until the number of live animals dropped significantly. (B) Thirty-day survival curves for the tumor-bearing mice treated with IR alone or with IR + CBLB502. *P < 0.03 by two-way repeated measures analysis of variance (ANOVA). (C) CBLB502 does not enhance the carcinogenicity of irradiation. Tumor development in two groups of p53 +/− C57BL6 mice that received a single dose of 4 Gy TBI, with or without injection of CBLB502 30 min before irradiation, was followed for 49 weeks.
